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AbsTrACT
Objective To assess disease burden of chemotherapyinduced peripheral neuropathy (cIpN), which is a common dose-limiting side effect of neurotoxic chemotherapy. Late effects of cIpN may increase with improved cancer survival. Methods Olmsted county, Minnesota residents receiving neurotoxic chemotherapy were identified and cIpN was ascertained via text searches of polyneuropathy symptoms in the medical record. clinical records were queried to collect data on baseline characteristics, risk factors, signs and symptoms of cIpN, medications, impairments and International classification of Diseases, Ninth Revision (IcD-9) diagnostic codes for all subjects. results a total of 509 individuals with incident exposure to an inclusive list of neurotoxic chemotherapy agents between 2006 and 2008 were identified. 268 (52.7%) of these individuals were determined to have cIpN. The median time from incident exposure to first documented symptoms was 71 days. patients with cIpN received a neuropathy IcD-9 diagnosis in only 37 instances (13.8%). pain symptoms and use of pain medications were observed more often in patients with cIpN. Five-year survival was greater in those with cIpN (55.2%) versus those without (36.1%). Those with cIpN surviving greater than 5 years (n=145) continued to have substantial impairments and were more likely to be prescribed opioids than those without cIpN (OR 2.0, 1.06-3.69).
Conclusions Results from our population-based study are consistent with previous reports of high incidence of cIpN in the first 2 years following incident exposure to neurotoxic chemotherapeutic agents, and its association with significant pain symptomatology and accompanied long-term opioid use. Increased survival following exposure to neurotoxic chemotherapy and its longterm disease burden necessitates further study among survivors.
INTrOduCTION
Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most common complications of chemotherapy. 1 The acute symptoms of CIPN often result in cessation of chemotherapy, which may impact overall cancer survival. Several classes of chemotherapeutic agents are neurotoxic, in particular the platinum-based compounds, taxanes, vinca alkaloids, thalidomide derivatives and proteasome inhibitors. While these different medications cause CIPN via different pathomechanisms, most result in a sensory-predominant syndrome, often with significant pain. Notably, newer classes of chemotherapeutics (including molecular-targeted chemotherapeutics such as ado-trastuzumab emtasine, brentuximab vedotin and the various checkpoint inhibitors) continue to be associated with CIPN.
With increasing cancer survivorship, the longterm disease burden of CIPN is gaining more attention. The National Cancer Institute estimated a 23% decrease in cancer mortality between 1990 and 2012 and an estimated 19 million cancer survivors who will be living in the USA by 2024. Longterm studies on cancer survivors have revealed significant difficulties with activities of daily living (ADL) and impaired physical and psychological health. [2] [3] [4] [5] Improved quality of life in cancer survivors is therefore an important consideration as these demographic shifts occur.
Approaches to studying the impact of CIPN have largely focused on single chemotherapeutic agents at tertiary centres; population approaches are lacking. We now report a retrospective population-based study designed to evaluate the prevalence and long-term disease burden of CIPN among patients with cancer in Olmsted County, Minnesota (MN). Patients exposed to neurotoxic chemotherapy were categorised as developing CIPN (CIPN (+)) or not (CIPN (−)) and compared for baseline risk factors, survival and long-term impairment.
MeThOds
Standard protocol approvals, registrations and patient consents were obtained.
Patients with incident exposure to chemotherapy agents living in Olmsted County, MN, were identified within the study period (2006) (2007) (2008) . The date of the first administered dose and the neurotoxic properties of each of the agents were determined in order to identify those patients exposed to at least one of 28 chemotherapeutic agents associated with the development of peripheral neuropathy as determined by review of a drug reference manual (Micromedex) (online supplementary Ordinal likelihood of distal symmetric polyneuropathy among those exposed to neurotoxic chemotherapy was established using 2005 American Academy of Neurology (AAN) criteria for clinical research. 6 The AAN criteria incorporate data on neuropathic symptoms, ankle reflexes, distal sensation, distal weakness/atrophy and nerve conduction studies, which allow the scoring of polyneuropathy likelihood from '+' (neuropathic symptoms with decreased distal sensation) to '++++' (abnormal nerve conduction studies with a combination of neuropathic signs and symptoms) (online supplementary table 2). 6 In our study, we were able to electronically search for specific words corresponding to these neuropathy attributes within any Mayo Clinic clinical note created between the first day of chemotherapy and 31 December 2015 (online supplementary table 3). Clinical notes that were identified by the electronic search were subsequently manually verified and used to score likelihood of polyneuropathy. Evidence of polyneuropathy was additionally obtained from nerve conduction study and electromyography (EMG) reports, when available. CIPN (+) subjects were defined as patients who received neurotoxic chemotherapy and subsequently developed neuropathic signs and/or symptoms of distal symmetric polyneuropathy using AAN criteria (scored as at least +: neuropathic symptoms with decreased distal sensation observed in at least one note in the clinical record). CIPN (−) subjects were defined as having received neurotoxic chemotherapy, but exhibited no reported subsequent neuropathic signs or symptoms.
The Rochester Epidemiology Project (REP) database is a National Institutes of Health-funded resource that comprehensively links all the medical records of 95% of residents in Olmsted County, MN. 7 The REP was queried for incident dates of the following International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnoses in order to compare baseline characteristics and risk factors among CIPN (+) and CIPN (−) subjects: tobacco use, alcoholism, pulmonary disease, diabetes mellitus, peripheral vascular disease, renal disease, hyperlipidaemia, hypercholesterolaemia, hypertension, multiple myeloma, obesity, neuropathy, age, gender, height and weight values taken closest to incident chemotherapy date. CIPN (+) and CIPN (−) subjects were also compared for the presence of surrogate markers of impairment that were reported after chemotherapy exposure, such as medication use and self-reported impairment reported on standardised questionnaires (completed during clinical visits), which included ADL, limb weakness, numbness, fall tendency, pain, stair-climbing difficulty, use of a gait aid, work disability and living arrangements. Five-year survival was obtained via the REP for analysis of the impact of CIPN on survival and late effects. Surrogate markers of impairment and medications that were documented 4.5-6 years after neurotoxic chemotherapy exposure were quantified for those living >5 years and compared between CIPN (+) and CIPN (−) subjects.
All analyses were performed with JMP Pro V.9.0.3 software (SAS Institute, Cary, NC). Multivariate logistic regression models were used to calculate OR and 95% CIs between CIPN and surrogate markers of impairment.
resulTs
Of the 809 patients receiving chemotherapy between 2006 and 2008, 509 individuals had incident exposure to at least one of 28 putative neurotoxic chemotherapy agents. Electronic text string searches followed by manual chart review were performed using AAN criteria for identifying distal symmetric polyneuropathy. Up to 268 (52.7%) cases were determined to have CIPN (CIPN (+) subjects), while 241 (47.3%) did not (designated as CIPN (−) subjects). Nerve conduction studies or EMG reports were available for 34 CIPN (+) subjects, and when abnormal (15/34) predicted axonal pathology. Subjects were evaluated by a neurologist in a minority of instances (114 CIPN (+) subjects and 72 CIPN (−) subjects). Within CIPN (+) subjects, ordinal likelihood of polyneuropathy (from + to ++++) based on AAN criteria was (+) in 220 patients (82.1%), (++) in 36 (13.4%), (+++) in 3 (1.1%) and (++++) in 9 (3.4%) (figure 1). CIPN was common in the major categories of neurotoxic chemotherapeutic agents, with >50% of patients developing CIPN when exposed to taxanes (60%), vinca alkaloids (56%), platinum compounds (54%), proteasome inhibitors (89%) or thalidomide derivatives (71%) (table 1). Exposure to multiple agents was common, with many subjects receiving either two (28.4%), three (7.8%) or more (2.2%) neurotoxic chemotherapeutics. The neurotoxic chemotherapy list was designed to enhance sensitivity, and some agents included are very rarely associated with neuropathy. Reflecting this, merely eight CIPN (+) cases (six with gemcitabine and two with cytarabine) were identified that were only exposed to these chemotherapeutics rarely associated with CIPN (online supplementary table 1). The ability of diagnostic coding to determine CIPN was assessed and of the 268 CIPN (+) subjects, based on the criteria stipulated above, only 37 (13.8%) had an ICD-9-CM diagnosis of polyneuropathy (online supplementary table 4).
Timing from incident neurotoxic chemotherapy exposure to CIPN symptom onset was assessed (figure 2). Twenty-four CIPN (+) subjects (8.9%) had a recorded history of peripheral neuropathy (identified via either electronic term searches or ICD-9-CM coding), which were excluded from this analysis. Of these, 8 had a previous diagnosis of diabetic neuropathy, 3 had pre-existing polyneuropathy as a result of previous chemotherapy and 13 had diagnoses of polyneuropathy without identified cause. Notably, these 13 individuals with unidentified cause of peripheral neuropathy (PN) appeared to have a higher overall likelihood of CIPN per AAN criteria, with (+) in eight patients (61.5%), (++) in three (23.1%), (+++) in one (7.7%) and (++++) in one (7.7%). Among the remaining 244 CIPN (+) subjects, CIPN risk factors and its impact on daily life were assessed. No statistically significant differences were observed in baseline putative risk factors between CIPN (+) and CIPN (−) subjects (table 2) . Patient-provided data on impairments of daily living were available for CIPN (+) and CIPN (−) subjects (table 3) ; additionally, complete medication lists for all patients were available for all subjects (table 4). CIPN (+) subjects were significantly more likely to report difficulty with numbness and shooting pains (OR 4.56, 95% CI 2.76 to 7.54) and general pain (OR 1.55, 95% CI 1.06 to 2.26) than those without CIPN. Self-reported impairments related to weakness (climbing stairs, walking, weakness) were not different between CIPN (+) and CIPN (−) subjects, supporting the notion that most CIPN impairments are sensory predominant. CIPN (+) subjects were also more likely to be prescribed serotonin/norepinephrine reuptake inhibitors (OR 2.87, 95% CI 1.45 to 5.66) or alpha-2-delta receptor antagonists (OR 1.83, 95% CI 1.16 to 2.90) for the management of pain. Opioids were the most commonly used analgesics during the study period, used at similar high rates among CIPN (+) (95%) and CIPN (−) (92%) subjects, although it was not determined whether this was short term or chronic opioid therapy (≥90 days).
Survival times and late effects on impairment in ADL were compared between all CIPN (+) and CIPN (−) subjects. KaplanMeier survival plots were analysed to compare survival time for CIPN (+) and CIPN (−) subjects. Five-year survival for those with CIPN (54.1%) was greater than those without CIPN (37.3%) (P<0.0001) (figure 3). One hundred forty-five CIPN (+) subjects and 90 CIPN (−) subjects had ≥5-year survival from the date of incident exposure to chemotherapy. We compared the CIPN (+) and CIPN (−) subjects for differences in quality of life based on self-reported ability to perform ADL, and while there were trends of increased impairments in CIPN (+) subjects, no attributes reached statistical significance (online supplementary table 5). CIPN (+) subjects surviving at least 5 years following incident chemotherapy were significantly more likely to be prescribed opioid analgesics (OR 2.0, 95% CI 1.06 to 3.69) or serotonin norepinephrine reuptake inhibitor (SNRI) (OR 4.7, 95% CI 1.04 to 21.2) (table 5).
dIsCussION
Overall, our study supports the assertion that CIPN is a large problem that impacts both the acute and chronic time frames. We report the development of CIPN in over half of patients receiving neurotoxic chemotherapy in a longitudinal population-based cohort, which is consistent with other epidemiological studies. 8 Overall, this number represents approximately one-third of all patients treated with chemotherapy for cancer (including neurotoxic and non-neurotoxic regimens). Most patients reported neuropathic symptoms within 6 months of chemotherapy initiation and it presented with predominantly sensory symptoms, including pain. While cancer itself is often associated with pain (as evidenced by the high opioid use in control patients), subjects with CIPN reported more difficulty with their pain, and were more likely to be prescribed non-opioid-based pain therapies. Furthermore, a 5-year follow-up in this cohort revealed that this group of 5-year CIPN survivors was more likely to be prescribed opioid and SNRI medications, which suggests long-term pain in CIPN survivors.
Unique to this study is the population-based approach that included all neurotoxic chemotherapeutic agents and cancer subtypes. Given that medical records were available to be searched, from the only medical providers in Olmsted County, we had access to all of the medications that patients likely received during the follow-up period.
The observation of a 5-year survival benefit in patients with CIPN is intriguing. While it is theoretically possible that developing CIPN may correlate with a chemotherapeutic agent's overall potency for killing cancer, there are other more likely explanations for this finding. Since CIPN is usually a dose-related phenomenon, patients who had relatively rapid disease progression after starting neurotoxic chemotherapy would have had lower total doses of the neurotoxic chemotherapy and shorter survivals. Correspondingly, patients who responded well to the neurotoxic chemotherapy would have received higher cumulative doses and have more trouble with CIPN; these patients also would have lived longer than Neuromuscular patients who had rapid disease progression and lower doses of neurotoxic chemotherapy. A similar phenomenon was recently reported. 9 Alternatively, in patients with aggressive cancers (and poor survival), there may be less self-reporting of neuropathic symptoms and/or that their care providers are less likely to document them. It is difficult to answer this question within our study as few patients received detailed neurological examinations during the study period. This possible under-reporting of early CIPN due to cancer severity and opioid use would also lead to an underestimate of the CIPN incidence in this study.
The current study did not identify statistically significant risk factors for CIPN that have been reported previously, namely diabetes mellitus 10 and age. 11 This may be because these risk factors have not been clarified with all neurotoxic chemotherapy agents. For example, the data regarding obesity/diabetes mellitus and oxaliplatin neuropathy are conflicting, [12] [13] [14] [15] [16] regardless of fairly uniform findings of increased CIPN risk in patients who are obese/diabetic receiving paclitaxel. 17 18 Furthermore, an underestimation of CIPN incidence due to incomplete reporting may have also decreased our power to detect these risk factors.
We also observed increased opioid and SNRI prescriptions in the cohort of patients with CIPN who survived 5 years, which likely represents increased challenges with pain related to this phenomenon. We have previously reported substantial opioid use for polyneuropathy of all causes within the Olmsted County cohort. 19 20 The inability to identify significant differences in self-reported impairments in this smaller 5-year survivor cohort may be due to being underpowered at this later timepoint, and a larger cohort study may be required to answer this definitively. Such trends among those surviving longer following neurotoxic chemotherapy exposure indicate significant long-term impairment and disease burden continuing as long as 5 years after treatment initiation.
Additionally, this study highlights the challenges of performing large retrospective population-based studies in patients with cancer. We aggressively pursued CIPN diagnoses via string searches of clinical notes within the electronic health records, which were then manually verified. With this approach, we identified over one-half of patients developed CIPN. If this had been a prospective study with clinician assessment of neuropathy, the incidence would likely be higher. Conversely, if we had focused on ICD-9-CM coding for our assignment of CIPN, we would have severely underestimated the frequency of CIPN in our cohort at ~14%. We also discovered discrepancies between the ICD-9-CM coding and the clinical notes (34 CIPN (−) patients received ICD-9-CM neuropathy codes), which provides further evidence of their limitations. Such shortcomings, consistent with previous literature on billing code accuracy for a variety of diseases, [21] [22] [23] [24] indicate the need for further improvements in reporting accuracy in order to identify the cause and more effectively manage CIPN.
In light of increased life expectancy following cancer diagnosis and chemotherapy, further study on the long-term impact of CIPN is needed to understand impacts on quality of life, including the impact years after completion of treatment.
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